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Chapter 1

Introduction

The NASA Ames Stereo Pipeline (ASP) is a suite of automated geodesy and stereogrammetry tools designed
for processing planetary imagery captured from orbiting and landed robotic explorers on other planets. It
was designed to process stereo imagery captured by NASA spacecraft and produce cartographic products
including digital elevation models (DEMs), ortho-projected imagery, and 3D models. These data products
are suitable for science analysis, mission planning, and public outreach.

1.1 Background

The Intelligent Robotics Group (IRG) at the NASA Ames Research Center has been developing 3D sur-
face reconstruction and visualization capabilities for planetary exploration for more than a decade. First
demonstrated during the Mars Pathfinder Mission, the IRG has delivered tools providing these capabil-
ities to the science operations teams of the Mars Polar Lander (MPL) mission, the Mars Exploration
Rover (MER) mission, the Mars Reconnaissance Orbiter (MRO) mission, and most recently the Lunar
Reconnaissance Orbiter (LRO) mission. A critical component technology enabling this work is the Ames
Stereo Pipeline (ASP). The Stereo Pipeline generates high quality, dense, texture-mapped 3D surface
models from stereo image pairs.

Although initially developed for ground control and scientific visualization applications, the Stereo Pipeline
has evolved in recent years to address orbital stereogrammetry and cartographic applications. In particu-
lar, long-range mission planning requires detailed knowledge of planetary topography, and high resolution
topography is often derived from stereo pairs captured from orbit. Orbital mapping satellites are sent as
precursors to planetary bodies in advance of landers and rovers. They return a wealth of imagery and other
data that helps mission planners and scientists identify areas worthy of more detailed study. Topographic
information often plays a central role in this planning and analysis process.

Our recent development of the Stereo Pipeline coincides with a period of time when NASA orbital mapping
missions are returning orders of magnitude more data than ever before. Data volumes from the Mars and
Lunar Reconnaissance Orbiter missions now measure in the tens of Terabytes. There is growing consensus
that existing processing techniques, which are still extremely human intensive and expensive, are no longer
adequate to address the data processing needs of NASA and the Planetary Science community. To pick
an example of particular relevance, the High Resolution Imaging Science Experiment (HiRISE) Web site
lists 1353 stereo pairs at the time of this writing [20]. Of these, only a few tens of stereo pairs have been
processed to date; mostly on human-operated, high-end photogrammetric workstations. It is clear that
much more value could be extracted from this valuable raw data if a more streamlined, efficient process
could be developed.
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Figure 1.1: This 3D model was generated from a Mars Orbiter Camera (MOC) image pair M01,/00115
and E02/01461 (34.66N, 141.29E). The complete stereo reconstruction process takes approximately thirty
minutes on a 3.0 GHz workstation for input images of this size (1024 x 8064 pixels). This model, shown
here without vertical exaggeration, is roughly 2 km wide in the cross-track dimension.

The Stereo Pipeline was designed to address this very need. By applying recent advances in robotics and
computer vision, we have created an automated process that is capable of generating high quality DEMs
with minimal human intervention. Users of the Stereo Pipeline can expect to spend some time picking
a handful of settings when they first start processing a new type of imagery, but once this is done the
Stereo Pipeline can be used to process tens, hundreds, or even thousands of stereo pairs without further
adjustment. With the release of this software, we hope to encourage the adoption of this tool chain at
institutions that run and support these remote sensing missions. Over time, we hope to see this tool
incorporated into ground data processing systems alongside other automated image processing pipelines.
As this tool continues to mature, we believe that it will be capable of producing digital elevation models of
exceptional quality without any human intervention.

1.2 Human vs. Computer: When to Choose Automation

When is it appropriate to choose automated stereo mapping over the use of a conventional, human-operated
photogrammetric workstation? This is a philosophical question with an answer that is likely to evolve over
the coming years as automated data processing technologies become more robust and widely adopted. For
now, our opinion is that you should always rely on human-guided, manual data processing techniques for
producing mission critical data products for missions where human lives or considerable capital resources
are at risk. In particular, maps for landing site analysis and precision landing absolutely require the benefit
of an expert human operator to eliminate obvious errors in the DEM; and also to guarantee that the proper
procedures have been followed to correct satellite telemetry errors so that the data have the best possible
geodetic control.

When it comes to using DEMs for scientific analysis, both techniques have their merits. Human-guided
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stereo reconstruction produces DEMs of unparalleled quality that benefit from the intuition and experience
of an expert. The process of building and validating these DEMs is well established and accepted in the
scientific community.

However, only a limited number of DEMs can be processed to this level of quality. For the rest, automated
stereo processing can be used to produce DEMs at a fraction of the cost. The results are not necessarily
less accurate than those produced by the human operator, but they will not benefit from the same level of
scrutiny and quality control. As such, users of these DEMs must be able to identify potential issues, and
be on the lookout for errors that may result from the improper use of these tools.

We recommend that all users of the Stereo Pipeline take the time to thoroughly read this documentation
and build an understanding of how stereo reconstruction and bundle adjustment can be best used together
to produce high quality results. Please don’t hesitate to contact us if you have any questions!

1.3 Software Foundations

1.3.1 NASA Vision Workbench

The Stereo Pipeline is built upon the Vision Workbench software which is a general purpose image processing
and computer vision library also developed by the IRG. Some of the tools discussed in this document
are actually Vision Workbench programs, but any distribution of the Stereo Pipeline requires the Vision
Workbench. Unless you’re compiling the Vision Workbench and Stereo Pipeline from source, the distinctions
probably won’t matter to you.

1.3.2 The USGS Integrated Software for Imagers and Spectrometers

This version of the Stereo Pipeline must be installed alongside a compatible version of the United States
Geological Survey (USGS) Integrated Software for Imagers and Spectrometers (ISIS). ISIS is widely used
in the planetary science community for processing raw spacecraft imagery into high level data products of
scientific interest such as map projected and mosaicked imagery |1, 8, 21]. We chose ISIS because (1) it is
widely adopted by the planetary science community, (2) it contains the authoritative collection of geometric
camera models for planetary remote sensing instruments, and (3) it is open source software that is easy to
leverage.

By installing the Stereo Pipeline, you will be adding an advanced stereo image processing capability that
can be used in your existing ISIS work flow. The Stereo Pipeline supports the ISIS “cube” (. cub) file format,
and can make use of the ISIS camera models and ancillary information (i.e. SPICE kernels) for imagers
on many NASA spacecraft. The use of this single standardized set of camera models ensures consistency
between products generated in the Stereo Pipeline and those generated by ISIS. Also by leveraging ISIS
camera models, the Stereo Pipeline can process stereo pairs captured by just about any NASA mission.

As an additional note, the Stereo Pipeline can also process arbitrary, non-ISIS images with accompanying
camera information, but doing so requires a significant amount of extra work and setup. This advanced
use of the software is not covered in this user’s manual, however feel free to contact us if you are interested
in learning more about adapting the pipeline to other stereo data sets.
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1.4 Getting Help

All bugs, feature requests, and general discussion should be sent to the Ames Stereo Pipeline user mailing
list:

stereo-pipeline@lists.nasa.gov

To subscribe to this list, send an empty email message with the subject ‘subscribe’ (without the quotes) to:
stereo-pipeline-request@lists.nasa.gov

To contact the lead developers and project manager directly, send mail to:

stereo-pipeline-owner@lists.nasa.gov

1.5 Typographical Conventions

Names of programs that are meant to be run on the command line are written in a constant-width font,
like the stereo program, as are options to those programs.

An indented line of constant-width text can be typed into your terminal, these lines will either begin with
a >’ to denote a regular shell, or with ‘ISIS’ which denotes an ISIS-enabled shell (which means you have
set the ISISROOT environment variable and sourced the appropriate ISIS 3 Startup script, as detailed in
the ISIS 3 instructions).

> 1s
ISIS 3> pds2isis

Italicized constant-width text denotes an option or argument that a user will need to supply. For example,
‘stereo E0201461.map.cub M0100115.map.cub out’ is specific, but ‘stereo left-image right-image
out’ indicates that left-image and right-image are not the names of specific files, but dummy pa-
rameters which need to be replaced with actual file names.

Square brackets denote optional options or values to a command, and items separated by a vertical bar are
either aliases for each other, or different, specific options. Default arguments are prefixed by an equals sign
within parentheses, and line continuation with a backslash:

point2dem [-help|-h] [-r moon|mars] [-s float(=0)] \
[-o output-filename] pointcloud-PC.tif

The above indicates a run of the point2dem program. The only argument that it requires is a point cloud
file, which is produced by the stereo program and ends in -PC.tif, although its prefix could be anything
(hence the italics for that part). Everything else is in square brackets indicating that they are optional.

Both -help and -h are really the same thing (both will get you help). Similarly, the argument to the -r
option must be either moon or mars. The -s option takes a floating point value as its argument, and has a
default value of zero. The -o option takes a filename that will be used as the output DEM.

Although there are two lines of constant-width text, the backslash at the end of the first line indicates
that the command continues on the second line. You can either type everything into one long line on your
own terminal, or use the backslash character (or appropriate line continuation character) and a return to
continue typing on a second line in your terminal.
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1.6 Warnings to users of the Ames Stereo Pipeline ALPHA

This is an ALPHA release of the Stereo Pipeline. There are many known bugs and incomplete features.
The API and command line options will almost certainly change prior to the final release. Some of the
documentation is incomplete and some of it may be out of date or incorrect. Although we hope you will
find this release helpful, you use it at your own risk.

While we are confident that the algorithms used by this software are robust, they have not been systemat-
ically tested or rigorously compared to other methods in the peer-reviewed literature. We have a number
of efforts underway to carefully compare Stereo Pipeline-generated data products to those produced us-
ing established processes, and we will publish those results as they become available. In the meantime,
we strongly recommend that you consult us first before publishing any results based on the
cartographic products produced by this software. You have been warned!
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Chapter 2

Installation

2.1 Binary Installation

This is the recommended method. Only two things are required:

Stereo Pipeline Tarball. The main Stereo Pipeline page is http://ti.arc.nasa.gov/stereopipeline.
In the upper-right, there is a list of files. Download the Binary option that matches the platform you
wish to use. The required ISIS version is listed next to the name; choose the newest version you have
available.

USGS ISIS Binary Distribution. The Stereo Pipeline depends on ISIS version 3 from the USGS. Their
installation guide is at http://isis.astrogeology.usgs.gov/documents/InstallGuide. You must
use their binaries as-is; if you need to recompile, you must follow the Source Installation guide for
the Stereo Pipeline in Section 2.2. Note also that the USGS does not provide any version of ISIS but
the current one. If you need a past version, you must retain it yourself.

2.1.1 Quick Start

Fetch Stereo Pipeline
Download the Stereo Pipeline from http://ti.arc.nasa.gov/stereopipeline.

Fetch ISIS Binaries
rsync -azv -delete isisdist.wr.usgs.gov::isis3_ARCH_0S/isis .

Fetch ISIS Data
rsync -azv --delete isisdist.wr.usgs.gov::isis3data/data .

Untar Stereo Pipeline
tar xzvf StereoPipeline-VERSIOUN-ARCH-0S.tar.gz

Add Stereo Pipeline to Path (optional)
bash: export PATH="/path/to/StereoPipeline/bin:${PATH}"
csh: setenv PATH "/path/to/StereoPipeline/bin:${PATH}"


http://ti.arc.nasa.gov/stereopipeline
http://isis.astrogeology.usgs.gov/documents/InstallGuide
http://ti.arc.nasa.gov/stereopipeline

Chapter 2

Set Up Isis
bash:
export ISISRO0T=/path/to/isisroot
source $ISISRO0T/scripts/isis3Startup.sh
csh:
setenv ISISROOT /path/to/isisroot
source $ISISRO0T/scripts/isis3Startup.csh

Try It Out!
See the next chapter (Chapter 3) for an example!

2.1.2 Common Traps

Here are some errors you might see, and what it could mean. Treat these as templates for problems—in
practice, the error messages might be slightly different.

stereo: error while loading shared libraries: libisis3.so:
cannot open shared object file: No such file or directory

You just need to set up your ISIS environment.

dyld: Library not loaded: $ISISRO0T/1lib/libisis3.dylib
Referenced from: /some/path/goes/here/bin/program
Reason: image not found Trace/BPT trap

You just need to set up your ISIS environment.

point2mesh E0201461-M0100115-PC.tif E0201461-M0100115-L.tif
[...]

99% Vertices: [tk ok ok ok ok ook okok skok ok ok ok ok ok ok ok kR ok ok ok ok ok ok kokokkok ok kokkokx ] Complete!
> size: 82212 vertices

Drawing Triangle Strips

Attaching Texture Data

zsh: bus error point2mesh E0201461-M0100115-PC.tif E0201461-M0100115-L.tif

The source of this problem is an old version of OpenSceneGraph in your library path. Check your
LD_LIBRARY_PATH (for Linux), DYLD_LIBRARY_PATH (for OSX), or your DYLD_FALLBACK_LIBRARY_PATH (for
0OSX) to see if you have an old version listed, and remove it from the path if that is the case. It is not
necessary to remove the old versions from your computer, you just need to remove the reference to them
from your library path.

10
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2.2 Source Installation

This method is for advanced users only.

2.2.1 Dependency List

This is a list of direct dependencies of Stereo Pipeline. Some libraries (like ISIS) have dependencies of their
own which are not covered here.

Boost (Required) http://www.boost.org/
Version 1.35 or greater is required. Along with the base library set, the Stereo Pipeline specifically
requires: Program Options, Filesystem, Thread, and Graph.

LAPACK (Required)
There are many sources for LAPACK. For OSX, you can use the vecLib framework. For Linux,
you can use the netlib LAPACK/CLAPACK distributions, or Intel’s MKL, or any of a number of
others. The math is unfortunately not a hotspot in the code, though, so using a faster LAPACK
implementation will not change much. Therefore, you should probably just use the LAPACK your
package manager (RPM for Red Hat Linux, Yast for SuSE, etc.) has available.

ISIS (Recommended) http://isis.astrogeology.usgs.gov/documents/InstallGuide
The USGS Integrated Software for Imagers and Spectrometers (ISIS) library. This library handles
the camera models and image formats used for instruments. ISIS is usually downloaded and used as
a binary distribution. Compilation of ISIS from source can be challenging, and their support forums
may provide assistance: https://isis.astrogeology.usgs.gov/IsisSupport/.

OpenSceneGraph (Optional) http://www.openscenegraph.org/
OpenSceneGraph is required to run the point2mesh tool (See Section A.4).

Vision Workbench (Required) http://ti.arc.nasa.gov/visionworkbench/
Vision Workbench forms much of the core processing code of the Stereo Pipeline.

2.2.2 Build System

The build system is built on GNU autotools. In-depth information on autotools is available from http:
//sources.redhat.com/autobook/. The basics, however, are simple. To compile the source code, first run
./configure from the top-level directory. This will search for the dependencies and enable the modules
you requested. There are a number of options that can be passed to configure; many of these options
can also be placed into a config.options file (in the form of VARIABLE="VALUE") in the same directory as
configure. Table 2.2 lists the supported options.

11
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] Variable Name ‘ Configure option ‘ Default ‘ Function ‘
PREFIX £ Just/local Set the install prefix (ex: bina-
--pr 1X . . . .
pre ries will go in $PREFIX /bin)
Set to “no” to disable package
HAVE_PKG_XXX --with-xxx auto XXX, or a path to only search
that path
PKG PATHS N h man Prepend to default list of
--with- -paths
- PEE°P Y search paths
Append built-in list of search
ENABLE_PKG_PATHS_DEFAULT | --enable-pkg-paths-default yes paths
. Level of compiler optimiza-
ENABLE_OPTIMIZE --enable-optimize 3 .
tion?
How much debug informa-
ENABLE_DEBUG --enable-debug no .
tion?
ENABLE_CCACHE --enable-ccache no Use ccache if available
Set RPATH on built binaries
ENABLE_RPATH --enable-rpath no . .
and libraries
Pass in 64 or 32 to look for
ENABLE_ARCH_LIBS --enable-arch-1libs no libraries by default in 1ib64 or
1ib32
ENABLE_PROFILE --enable-profile no Use function profiling?
Append value to CPPFLAGS
PKG_XXX_CPPFLAGS
for package XXX
Prepend value to LDFLAGS
PKG_XXX_LDFLAGS
for package XXX
PKG XXX LIBS Override the required libraries
- for package XXX
Append to required libraries
PKG_XXX_MORE_LIBS
for package XXX
) Use C++ exceptions? Disable
ENABLE_EXCEPTIONS --enable-exceptions yes .
at own risk.
OSX Only: Build Fat binary
ENABLE_MULTI_ARCH --enable-multi-arch no with space-separated list of
arches
Pass —as-needed to GNU
ENABLE_AS_NEEDED --enable-as-needed no . .
linker. Use at your own risk.

12
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Tutorial: Processing Mars Orbiter Camera
Imagery

3.1 Quick Start

The Stereo Pipeline package contains command-line programs that convert a stereo pair in ISIS cube format
into a 3D “point cloud” image: stereo-output-PC.tif. This is an intermediate format that can be passed
along to one of several programs that convert a point cloud into a mesh for 3D viewing or a gridded digital
elevation model for GIS purposes.

There are a number of ways to fine-tune parameters and analyze the results, but ultimately this software
suite takes images and builds models in a mostly automatic way. To create a point cloud file, you simply
pass two image files to the stereo command:

ISIS 3> stereo image_filel image_file2 stereo-output

You can then make a mesh or a DEM file with the following commands. The stereo-output -PC.tif and
stereo-output -L.tif files are created by the stereo program above:

ISIS 3> point2mesh stereo-output-PC.tif stereo-output-L.tif

ISIS 3> point2dem stereo-output-PC.tif stereo-output-L.tif

3.2 Preparing the Data

The data set that is used in the tutorial and examples below is a pair of MOC [11, 10] images whose
Planetary Data System (PDS) Product IDs are M01/00115 and E02/01461. These data can be downloaded
from the PDS directly, or they can be found in the data/MOC/ or the examples/MOC/ directory of your
Stereo Pipeline distribution.

3.2.1 Loading and Calibrating Images using ISIS

These raw PDS images (M0100115.1imq and E0201461.1imq) need to be imported into the ISIS environment
and radiometrically calibrated. You will need to be in an ISIS environment (have set the ISISRO0T envi-
ronment variable and sourced the appropriate ISIS 3 Startup script, as detailed in the ISIS 3 instructions;
we will denote this state with the ‘ISIS 3>’ prompt). Then you can use the mocproc program, like so:
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ISIS 3> mocproc from= M0100115.imq to= M0100115.cub Mapping= NO
ISIS 3> mocproc from= E0201461.imq to= E0201461.cub Mapping= NO

There are also Ingestion and Calibration parameters whose defaults are ‘YES’ which will bring the image
into the ISIS format and perform radiometric calibration. By setting the Mapping parameter to ‘NO’ the
resultant file will be an ISIS cube file that is calibrated, but not map-projected. Note that while we have
not explicitly run spiceinit, the Ingestion portion of mocproc quietly ran spiceinit for you (you’ll find
the record of it in the ISIS Session Log, usually written out to a file named print.prt). Refer to Figure 3.1
to see the results at this stage of processing.

3.2.2 Map Projecting Images

The images also need to be rectified (or aligned). There are many ways to do this (including using
DO_INTERESTPOINT_ALIGNMENT in stereo’s stereo.default file). The most straightforward process is
to align the images by map projecting them in ISIS. This example continues with the files from above,
E0201461.cub and M010015. cub.

The ISIS cam2map program will map-project these images:

ISIS 3> cam2map from=M0100115.cub to=M0100115.map.cub
ISIS 3> cam2map from=E0201461.cub to=E0201461.map.cub map=M0100115.map.cub matchmap=true

Notice the order in which the images were run through cam2map. The first projection with M0100115. cub
produced a map-projected image centered on the center of that image. The projection of E0201461.cub
used the map= parameter to indicate that cam2map should use the same map projection parameters as
those of M0100115.map.cub (including center of projection, map extents, map scale, etc.) in creating the
projected image. By map projecting the image with the worse resolution first, and then matching to that,
we ensure two things: (1) that the second image is summed or scaled down instead of being magnified up,
and (2) that we are minimizing the file sizes to make processing in the Stereo Pipeline more efficient.
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Technically, the same end result could be achieved by using the mocproc program alone, and using its map=
M0100115.map. cub option for the run of mocproc on E0201461.cub (it behaves identically to cam2map).
However, this would not allow for determining which of the two images had the worse resolution and
extracting their minimum intersecting bounding box (see below). Furthermore, if you choose to conduct
bundle adjustment (see Chapter 5, page 33) as a pre-processing step, you would do so between mocproc (as
run above) and cam2map.

The above procedure is in the case of two images which cover similar real estate on the ground. If you have
a pair of images where one image has a footprint on the ground that is much larger than the other, only the
area that is common to both (the intersection of their areas) should be kept to perform correlation (since
non-overlapping regions don’t contribute to the stereo solution). If the image with the larger footprint size
also happens to be the image with the better resolution (i.e. the image run through cam2map second with
the map= parameter), then the above cam2map procedure with matchmap=true will take care of it just fine.
Otherwise you'll need to figure out the latitude and longitude boundaries of the intersection boundary (with
the ISIS camrange program). Then use that smaller boundary as the arguments to the MINLAT, MAXLAT,
MINLON, and MAXLON parameters of the first run of cam2map. So in the above example, after mocproc with
Mapping= NO you’d do this:

ISIS 3> camrange fr= M0100115.cub
[ ... lots of camrange output omitted ... |
Group = UniversalGroundRange

LatitudeType = Planetocentric
LongitudeDirection = PositiveEast
LongitudeDomain = 360
MinimumLatitude = 34.079818835324
MaximumLatitude = 34.436797628116
MinimumLongitude = 141.50666207418
MaximumLongitude = 141.62534719278
End_Group

[ ... more output of camrange omitted ... |

ISIS 3> camrange fr= E0201461.cub
[ ... lots of camrange output omitted ... |
Group = UniversalGroundRange

LatitudeType = Planetocentric
LongitudeDirection = PositiveEast
LongitudeDomain = 360
MinimumLatitude = 34.103893080982
MaximumLatitude = 34.547719435156
MinimumLongitude = 141.48853937384
MaximumLongitude = 141.62919740048
End_Group

[ ... more output of camrange omitted ... |

Now compare the boundaries of the two above and determine the intersection to use as the boundaries for
cam2map:

ISIS 3> cam2map from=M0100115.cub to=M0100115.map.cub DEFAULTRANGE= CAMERA \
MINLAT= 34.10 MAXLAT= 34.44 MINLON= 141.50 MAXLON= 141.63
ISIS 3> cam2map from=E0201461.cub to=E0201461.map.cub map=M0100115.map.cub matchmap=true
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You only have to do the boundaries explicitly for the first run of cam2map, because the second one uses the
map= parameter to mimic the map projection of the first. These two images aren’t radically different in
areal coverage, so this isn’t really necessary for these images, its just an example.

3.3 Running the Stereo Pipeline

Once the data has been prepared for processing, we invoke the the stereo program (page 69). The stereo
program can generate a number of output files, and you may find it helpful to create a directory to store
the results of stereo processing, as illustrated below.

ISIS 3> 1s
E0201461.cub  E0201461.map.cub  M0100115.cub  M0100115.map.cub
ISIS 3> mkdir results

3.3.1 Setting Options in the stereo.default File

The stereo program requires a stereo.default file that contains settings that effect the stereo reconstruc-
tion process. Its contents can be altered for your needs; details are found in appendix B on page 77. You
may find it useful to save multiple versions of the stereo.default file for various processing needs. If you
do this, be sure to specify a configuration file by invoking stereo with the -s option. If this option is not
given, the stereo program will search for a file named stereo.default in the current working directory.

There is a stereo.default file inc